High-fidelity teleportation beyond the no-cloning limit and entanglement swapping 

for continuous variables 
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We experimentally demonstrate continuous- variable quantum teleportation beyond the no-cloning 
limit. We teleport a coherent state and achieve the fidelity of 0.70±0.02 that surpasses the no-cloning 
limit of 2/3. Surpassing the limit is necessary to transfer the nonclassicality of an input quantum 
state. By using our high-fidelity teleporter, we demonstrate entanglement swapping, namely tele- 
portation of quantum entanglement, as an example of transfer of nonclassicality. 
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Quantum teleportation 0,0. El El is an essential proto- 
col in quantum communication and quantum information 
processing 0, [|| . This protocol enables reliable transfer 
of an arbitrary, unknown quantum state from one loca- 
tion to another. This transfer is achieved by utilizing 
shared quantum entanglement and classical communica- 
tion between two locations. Experiments of quantum 
teleportation have been successfully demonstrated with 
photonic qubits and atomic qubits 0,0 and also re- 
alized in optical field modes 0,0,01- In particular, the 
teleportation experiments with atomic qubits and optical 
field modes are considered to be deterministic or uncon- 
ditional. 

Quantum teleportation can also be combined with 
other operations to construct advanced quantum circuits 
in quantum information processing 0,0. The teleported 
state will be manipulated in subsequent operations, some 
of which may rely on the nonclassicality contained in the 
state. Therefore it is desirable to realize a high-quality 
teleporter which preserves the nonclassicality throughout 
the process. 

In a continuous- variable (CV) system 0, Q , a required 
quality to accomplish the transfer of nonclassicality is as 
follows: the fidelity F c of a coherent state input exceeds 
2/3 at unity gains of classical channels 0]. Here the fi- 
delity is a measure that quantifies the overlap between 
the input and the output states: F = (^i n \Pov,t\ipin) 
|l3l |. Quantum teleportation succeeds when the fidelity 
exceeds the classical limit (F c — 1/2 for a coherent state 
input) which is the best achievable value without the use 
of entanglement. The value of 2/3 is referred to as the 
no-cloning limit, because surpassing this limit warrants 
that the teleported state is the best remaining copy of 
the input state As mentioned at the beginning, the 
essence of teleportation is the transfer of an arbitrary 
quantum state. To achieve it, the gains of classical chan- 
nels must be set to unity. Otherwise the displacement 
of the teleported state does not match that of the input 
state, and the fidelity drops to zero when it is averaged 
over the whole phase space Q . Note that the concept of 



gain is peculiar to a CV system and there is no counter- 
part in a qubit system. 

A teleporter surpassing the no-cloning limit enables the 
transfer of the following nonclassicality in an input quan- 
tum state. It is possible to transfer a negative part of the 
Wigner function of a quantum state like the Schrodinger- 
cat state \ip C at} <x |cfc) d= | — ck) and a single photon state 
[l2j |. The negative part is the signature of the nonclas- 
sicality 0]. Moreover, two resources of quantum entan- 
glement for teleporters surpassing the no-cloning limit 
allows one to perform entanglement swapping 0, fl7j |: 
one resource of entanglement can be teleported by the 
use of the other. The teleported entanglement is still 
capable of bipartite quantum protocols (e.g., quantum 
teleportation). 

Although quantum teleportation of coherent states has 
been successfully performed 111! and the fidelity F c 

beyond the classical limit of 1/2 13j has been obtained, 
F c > 2/3 has never been achieved. In terms of the trans- 
fer of nonclassicality, entanglement swapping has been 
demonstrated recently 0|. However, the gains of clas- 
sical channels were tuned to optimal values (non-unity) 
for the transfer of the particular entanglement. At such 
non-unity gains, one would fail in teleportation of other 
input states such as a coherent state. 

In this Letter we demonstrate teleportation of a co- 
herent state at unity gains, and we achieve the fidelity 
of 0.70 ± 0.02 surpassing F c = 2/3 for the first time to 
the best of our knowledge. By using our teleporter we 
demonstrate entanglement swapping as an example of 
teleportation of nonclassicality. The gains of our tele- 
porter are always set to unity to teleport an arbitrary 
state. 

The quantum state to be teleported in our experiment 
is that of an electromagnetic field mode as in the previous 
works |9, 0, 0, • An electromagnetic field mode is 
represented by an annihilation operator a whose real and 
imaginary parts (a = x + ip) correspond to quadrature- 
phase amplitude operators with the canonical commuta- 
tion relation [x,p] = i/2 (units-free, with h = 1/2). 
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FIG. 1: The experimental set-up for teleportation of quantum 
entanglement. OPOs are optical parametric oscillators. All 
beam splitters except 99/1 BSs are 50/50 beam splitters. LOs 
are local oscillators for homodyne detection. SA is a spectrum 
analyzer. The ellipses illustrate the squeezed quadrature of 
each beam. Symbols and abbreviations are defined in the 
text. 



The fidelity F c is mainly limited by the degree of corre- 
lation of shared quantum entanglement between sender 
Alice and receiver Bob. For CVs such as quadrature- 
phase amplitudes, the ideal EPR (Einstein-Podolsky- 
Rosen) entangled state shows entanglement of Xi— Xj — > 
and Pi+Pj — > 0, where subscripts i and j denote two rel- 
evant modes of the state. The existence of entanglement 
between the relevant modes can be checked by the in- 
separability criterion 0, |2(J: Ajj = ([A(xj — Xj)} 2 ) + 
([A(pi+pj)] 2 ) < 1, where the variances of a vacuum state 
are ((A#) 2 ) = ((Ap(°)) 2 ) = 1/4 and a superscript (0) 
denotes the vacuum state. If this inequality holds, the 
relevant modes are entangled. In the case in which Al- 
ice (mode A) and Bob (mode B) share entanglement of 
([A(xa — xb)) 2 ) — ([A(pa+Pb)] 2 ), the inseparability cri- 
terion Aa,b < 1 corresponds to the fidelity F c > 1/2 for 
a teleporter without losses [2]]]. Furthermore Aa,b < 1/2 
corresponds to the fidelity F c > 2/3. Therefore, in or- 
der to achieve F c > 2/3, we need quantum entanglement 
with at least Aa,b < 1/2. 

When F c > 2/3 is achieved, it is possible to perform 
entanglement swapping with the teleporter and an entan- 
glement resource with A re j^ n < 1/2, where we assume 
that the entangled state consists of two sub-systems: 'ref- 
erence' and 'input'. While the reference is kept during a 
teleportation process, the input is teleported to an out- 
put station. After the process, the success of this protocol 
is verified by examining quantum entanglement between 
the reference and the output: A re f tOUt < 1. Note that to 
accomplish this protocol, we need two pairs of entangled 
states with Aij < 1/2. 

The scheme for entanglement swapping is illustrated in 
Fig. 1. Two pairs of entangled beams denoted by EPR1 
and EPR2 are generated by combining squeezed vacuum 
states at half beam splitters. One of the EPR1 beams is 



used as a reference. The other is used as an input and 
teleported to the output mode. The EPR2 beams consist 
of mode A and B, and they are utilized as a resource of 
teleportation. In the case of a coherent state input, a 
modulated beam is put into the input mode instead of 
the EPR1 beam. 

Each squeezed vacuum state is generated from a sub- 
threshold optical parametric oscillator (OPO) with a 
potassium niobate crystal (length 10mm). The crystal 
is temperature-tuned for type-I noncritical phase match- 
ing. Each OPO cavity is a bow-tie-type ring cavity which 
consists of two spherical mirrors (radius of curvature 50 
mm) and two flat mirrors. The round trip length is 500 
mm and the waist size in the crystal is 20/im. The out- 
put of a continuous wave TkSapphire laser at 860nm is 
frequency doubled in an external cavity with the same 
configuration as the OPOs. The output beam at 430nm 
is divided into four beams to pump four OPOs. The 
pump power is about 80mW for each OPO. 

We describe here a teleportation process in the Heisen- 
berg picture. First Alice and Bob share entangled EPR2 
beams of mode A and B. Alice performs "Bell measure- 
ment" on her entangled mode (xa,Pa) and an unknown 
input mode (Sim, Pin)- She combines these modes at a 
half beam splitter and measures x u — (cti n — xa)/V% 
and p v — (pi n + pa)/V% with two optical homodyne de- 
tectors. These measured values x u and p v for x u and p v 
are sent to Bob through classical channels with gains g x 
and g p , respectively. 

The gains are adjusted in the manner of Ref. |ll]. The 
normalized gains are defined as g x = (x ut) I (xin) and 
fjp = (pout) / (pin) ■ We obtain the measured gains of 
g x = 1.00 ± 0.02 and g p = 0.99 ± 0.02, respectively. For 
simplicity, these gains are fixed throughout the experi- 
ment and treated as unity. 

Let us write Bob's initial mode before the measure- 
ment of Alice as: Jb = &in ~ 0*U — ^b) — V^x u and 
Pb = Pin + (Pa + Pb ) — V%Pv ■ Note that in this step 
Bob's mode remains unchanged. After measuring x u 
and p v at Alice, these operators collapse and reduce 
to certain values. Receiving her measurement results, 
Bob displaces his mode as x B — > x out = i B xXu , 

Pb — ► Pout = Pb + V^gpPv and accomplishes the telepor- 
tation. Here we write explicitly the gains g x and g p to 
show the meaning of them, but they are treated as unity 
as mentioned before. In our experiment, displacement 
operation is performed by using electro-optical modula- 
tors (EOMs) and highly reflecting mirrors (99/1 beam 
splitters). Bob modulates two beams by using ampli- 
tude and phase modulators (AM and PM in Fig. 1). 
We use two beams to avoid the mixing of amplitude and 
phase modulations. The amplitude and phase modula- 
tions correspond to the displacement of p and x quadra- 
tures, respectively. The modulated beams are combined 
with Bob's mode (xb,Pb) at 99/1 beam splitters. 



3 



20.0 



15,0 



o 




10.0 



0.04 0.06 
Time (s) 



0.10 



FIG. 2: The measurement results of the teleported state 
for a coherent state input in x quadrature. Each trace is 
normalized to the corresponding vacuum noise level. Trace 
i shows the corresponding vacuum noise level {(Ax^ t ) 2 } = 
1/4. Traces ii shows the teleported state for a vacuum input. 
Note that the variance of the teleported state for a vacuum 
input corresponds to that for a coherent state input. Trace 
iii shows the teleported state for a coherent state input with 
the phase scanned. At the top (bottom) of the trace, the 
relative phase between the input and the LO is or n (n/2 
or 37r/2). The measurement frequency is centered at 1 MHz, 
and the resolution and video bandwidths are 30kHz and 300 
Hz, respectively. Traces i and ii are averaged 20 times. 
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In the ideal case, the EPR2 state is the state for which 
£a — xb — ► and pa + Pb — > 0. Then the teleported 
state is identical to the input state. In real experiments, 
however, the teleported state has additional fluctuations. 
Without entanglement, at least two units of vacuum noise 
are added |3j. In other words, the noise ([A(xa-xb)] 2 ) > 
2x j is added in x quadrature (similarly inp quadrature). 
These variances correspond to Aa,b > 1, resulting in the 
fidelity F c < 1/2. On the other hand, with entanglement, 
added noise is less than two units of vacuum noise. In the 
case with entanglement of Aa.b < 1/2 which is necessary 
to accomplish F c > 2/3, the added noise is less than a 
unit of vacuum noise. 

We first perform teleportation of a coherent state to 
quantify the quality of our teleporter with the fidelity F c . 
In our experiment, we use frequency sidebands at ±lMHz 
of an optical carrier beam as a quantum state. Thus a 
coherent state can be generated by applying phase mod- 
ulation with EOM to the carrier beam. This modulated 
beam is put into the input mode instead of the EPR1 
beam. Figure 2 shows measurement results of the tele- 
ported mode. The measured amplitude of the coherent 
state is 20.7±0.2dB compared to the corresponding vac- 
uum noise level. The measured values of the variances are 
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FIG. 3: Correlation measurement for EPR1 beams, (a) 
The measurement result of the reference mode alone. Trace 
i shows the corresponding vacuum noise level ((Ai^) 2 ) = 

{(Ap^) 2 ) = 1/4. Traces ii and iii are the measurement re- 
sults of ((Ax re f) 2 ) and ((Ap re /) 2 ), respectively, (b) The mea- 
surement result of the correlation between the input mode and 
the reference mode. Trace i shows the corresponding vacuum 
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)] 2 > = ([A(0$+O 2 > = 1/2 



Traces ii and iii are the measurement results of {[A(x re f — 
Xin)] 2 } and ([A(p re f +pi n )] 2 } , respectively. The measurement 
condition is the same as that of Fig. 2. 



((Axout) 2 ) = 2.82±0.09dB and ((Ap out ) 2 ) = 2.64±0.08 
dB (not shown). The fidelity for a coherent state input 
can be written as F c — 2/ A /(l + 4<r x )(l + 4cr K ), where 
g x = ((Ax out ) 2 ) and dp = ((Ap out ) 2 ) H Ej. The 
fidelity obtained from the measured variances is F c = 
0.70 ± 0.02. This result clearly shows the success of tele- 
portation of a coherent state beyond the no-cloning limit. 
Moreover we examine the correlation of the EPR2 beams 
and obtain the entanglement of Aa.b = 0.42 ±0.01, from 
which the expected fidelity of F c = 0.70 ± 0.01 is calcu- 
lated. The experimental result is in good agreement with 
the calculation. Such good agreement indicates that our 
phase-locking system is very stable and that the fidelity 
is mainly limited by the degree of entanglement of the 
resource. As discussed in Ref. |Tl). residual phase fluc- 
tuation in a locking system affects an achievable fidelity, 
and probably has prevented previous works from surpass- 
ing the no-cloning limit. Highly stabilized phase- locking 
system (both mechanically and electronically) allows us 
to achieve the fidelity of 0.70. 

Next we demonstrate entanglement swapping. Before 
performing the experiment, we measure the noise power 
of each mode for EPR1 beams and the initial correlation 
between the modes with homodyne detection. For the 
reference mode, we obtain the noise levels of 5.23±0.14dB 
and 4.44 ± 0.14dB for x and p quadratures, respectively 
(Fig. 3a). Similarly, the noise levels of 5.19 ±0.13dB and 
4.37 ± 0.14dB are obtained for x and p quadratures for 
the input mode (not shown). By making electrical sub- 
traction or summation of the homodyne detection out- 
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a coherent state with the fidelity of 0.70±0.02. By us- 
ing this high-fidelity teleporter, we have demonstrated 
entanglement swapping, or teleportation of quantum en- 
tanglement as a nonclassical input. Moreover, this high- 
quality teleporter will allow us to apply the teleported 
state to the subsequent manipilations and the construc- 
tion of an advanced quantum circuits. For example, a 
bipartite quantum protocol like quantum teleportation 
can be performed by using the swapped entanglement. 
In addition, our teleporter has the capability of transfer- 
ring a negative part of the Wigner function of a quantum 
state like a single photon state. 



FIG. 4: Correlation measurement results of the teleporta- 
tion of quantum entanglement, (a) The measurement re- 
sult of the output mode alone. Trace i shows the corre- 
sponding vacuum noise level ((Ax ( ^ t ) 2 ) = ((Ap ( °^ t ) 2 } = 1/4. 
Traces ii and iii are the measurement results of ((Ax ou t) 2 } 
and ((Apout) 2 }, respectively, (b) The measurement result of 
the correlation between the output mode and the reference 
mode. Trace i shows the corresponding vacuum noise level 
([A{x™ _ ^)f) = ([A(pW + p °! t )f) = 1/2. Traces ii 
and iii are the measurement results of ([A(x re f — x out )] 2 ) and 
([A(p re f + Pout)] 2 }, respectively. The measurement condition 
is the same as that of Fig. 2. 

puts, we observe the noise levels of — 3.19 ± 0.1 3dB for 
x quadrature and — 4.19 ± 0.14dB for p quadrature (Fig. 
3b). From these values, we obtain the measured vari- 
ances of A re f,i n = 0.43 ± 0.01 < 1. This result shows 
the existence of the quantum entanglement between the 
input and the reference, and also indicates that we can 
transfer this entanglement with our teleporter. 

We then proceed to the experiment of entanglement 
swapping and measure the correlation between the out- 
put and the reference in a similar way. The state in 
the reference mode does not change in the process. For 
the output mode, the noise levels of 6.06 ± 0.12dB and 
5.47 ± 0.14dB are obtained for x and p quadratures, re- 
spectively, as shown in Fig. 4a. Because of the im- 
perfect teleportation, some noises are added to the tele- 
ported state, resulting in the larger variances than that 
of the reference. Figure 4b shows the results of the cor- 
relation measurement. We observe the noise levels of 
-0.25 ± 0.13dB and -0.60 ± 0.13dB for x and p quadra- 
tures, respectively, yielding A re / ;0ut = 0.91 ± 0.02 < 1. 
This result clearly shows the existence of quantum entan- 
glement between the output and the reference. Therefore 
we can declare the success of entanglement swapping with 
unity gains. 

In summary, we have demonstrated teleportation of 
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